Non-thermal plasma is an alternative technology of exploiting biomass for efficient production of value added energy carriers. In this study, plasma catalytic liquefaction (PCL) system is successfully developed to achieve rapid and efficient liquefaction of sawdust in the presence of co-solvent polyethylene glycol 200 (PEG 200) and glycerin as well as the acid catalyst H 2 SO 4 . The influences of different operating factors such as the catalyst concentration, reaction time, molar ratio of PEG 200 and glycerin and the power supply are investigated in terms of the liquefaction yield and solution temperature, while the roles of the applied voltage and the duty cycle of power supply in the PCL process are discussed in detail. Experimental results show that the sawdust could be completely liquefied into crude bio-oil with a high heating value (HHV) of 19.18 MJ/kg in the mixture containing sawdust and solvent in a ratio of 1/7, and 1 wt.% catalyst H 2 SO 4 . Increasing the applied voltage and duty cycle are more efficient giving higher yield of liquid products. Based on the analysis of the processing conditions, suggested that the enhanced performance of the PCL process is linked to the superiority of heating that induced by electric field and the presence of quantities reactive species during the plasma discharge. The physiochemical characteristics of the biomass sample and the liquefied products are interpreted by using elemental analysis, thermogravimetric analysis, Fourier transform infrared spectroscopy (FTIR) and the identities and concentration of the liquid products are determined by gas chromatography-mass spectrometry (GC-MS).
I. INTRODUCTION
The rapid development of the economy in modern society together with the increasing population has resulted in a huge demand for energy. Fossil fuels, as the main resources in the world, are unevenly distributed and non-renewable. The extensive use of fossil fuels will cause environmental pollution due to the emission of harmful gases (CO x , SO 2 , NO x ) [1] , [2] . Hence, it is imperative to find a renewable and green energy source to replace the traditional fossil fuels [3] - [5] . Recently, renewable energy, such as wind, solar, tidal and biomass energy has been widely developed The associate editor coordinating the review of this manuscript and approving it for publication was Kan Liu . and utilized. Among them, biomass is attracting much attention worldwide due to its unique properties that converts solar into chemical energy through photosynthesis with the characteristics of biodegradable and CO 2 neutrality, and provides a rich source of sustainable commodity products, such as biofuels and chemicals.
Currently, thermos-chemical conversion processes such as gasification, pyrolysis and liquefaction are commonly used in the technological utilization of biomass to break down the biomass macromolecules into small-molecule chemicals [6] . Liquefaction, especially the hydrothermal and catalytic technologies have shown a great potential for industrial applications due to their universality and the ability to convert biomass into bio-chemicals and liquid bio-fuels [7] . VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
Considering the requirement of oil in the near future that the production of liquid fuels is at the forefront, thus liquefaction technologies have been a focus of intense research with extensive potential industrial applications [8] , [9] . To date, various combinations of raw biomass materials (agricultural residues [10] - [13] , forest residues [14] - [16] , and sewage sludge [17] ), liquefacients (e.g. water, monohydric/polyhydric alcohols and saturated alkyl liquids) and catalysts have been evaluated with aim to optimize the operation conditions and improve the reaction selectivity toward the biofuels production. Despite a significant efforts have been dedicated on the liquefaction processes, many of them are still associated with high energy consumption, high processing pressure and long reaction time to maintain effective operation [9] , [18] , [19] . All of these factors negatively influence both the economic viability and practicability of the liquefaction process. With the abovementioned drawbacks of conventional approaches, new technologies are considered and developed to assist the direct liquefaction of biomass with the aims to achieve higher liquefaction yield and produce quality products at mild conditions, for instance using microwave, ultrasound and electrochemical [20] - [22] . As a promising technology, non-thermal plasma offers an attractive alternative to the conventional route for the conversion of biomass into value-added fuels and chemicals at atmospheric pressure and low temperature [23] - [25] . In non-thermal plasma, the overall gas temperature can be as low as room temperature, while the electrons are highly energetic with a typical electron temperature of 1-10 eV, which can easily enable many chemical reactions to occur under ambient conditions [26] . Therefore, non-thermal has been widely applied in pollutant treatment [27] - [30] , material synthesis [31] , [32] , biomedical processing [33] , [34] and energy transforming [35] , [36] . In liquid phase, micro-plasma discharge was successfully employed on the catalytic liquefaction of bamboo shoot shell and remarkably shorten the reaction time to 3 min when polyethylene glycol 400 (PEG 400) and ethylene glycol (EG) were used as the solvent [24] . The performance of traditional thermal liquefaction and plasma electrolytic liquefaction in terms of processing time and product yield were compared by Tang et al [23] . They found that the heating efficiency generated by electric field was significantly higher than that of using the traditional method and thus leading to the fast liquefaction. Although the plasma technology shows the possibility of fast liquefaction of biomass, more effects are urgently required to understand the physical and chemical properties behind plasma liquefaction system, especially the electrical characteristics so as to better control and optimize this process.
In this study, a plasma catalytic liquefaction system is employed to facilitate the direct liquefaction of sawdust in a solvent blend of polyethylene glycol 200 (PEG 200) and glycerin and using the concentrated sulfuric acid as the catalyst, with the aim not only to enhance the reaction efficiency and yield of biomass liquefaction but also to evaluate the individual physical and chemical properties as the function of different operating factors (e.g. applied voltage, duty cycle of power supply, catalyst concentration, reaction time and the molar ratio of PEG 200 and glycerin). Both liquid and solid products obtained after the plasma biomass processing are characterized using elemental analysis, thermos-gravimetric analysis (TGA), Fourier infrared spectroscopy (FTIR) and gas chromatography-mass spectrometry (GC-MS).
II. MATERIAL AND METHODS

A. MATERIALS
The lignocellulosic biomass materials have attract great interest since they are the most widely used type of biomass for biofuel production through liquefaction due to its characteristics of renewable, abundance, and carbon neutral [37] . It is known that lignocellulose is an intrinsic complex structure that consists of three major components: cellulose, hemicellulose and lignin. Additionally, the liquefaction process can be remarkably influenced by the raw biomass materials due to the percentages of cellulose, hemicelluloses and lignin among the biomass types. Higher lignin content in the biomass will lead to a lower liquefaction yield as lignin is difficult to degrade [22] , [38] , [39] . Based on previous reports that the lignin content of wood sawdust (19.85 wt.%) is higher than that of rice straw (6.42-12.8 wt.%) and tea waste (8.5 wt.%) [40] - [42] . Therefore, sawdust liquefaction is more challenge compare with others. In this study, the wood sawdust was selected as the feedstock by a wood processing factory (Jiangsu, China) and its biochemical composition was part measured experimentally according to the standards of China's GB/T 744-1989 for the content of ash, lignin cellulose and total cellulose. The cellulose, lignin and ash content of wood sawdust was around 43.92 wt.%, 18.63 wt.% and 0.98 wt.%, respectively. Prior to the experiment, the raw material was dried in an oven at 105 • C for 12 h, ground into powder and sieved using 40-60 meshes. Then the sifted sawdust powders were kept in sealed bags and stored in a desiccator until needed. The mixtures of PEG 200 and glycerol were used as the solvent for liquefaction, whilst concentrate concentrated sulfuric acid was applied as the catalyst. Dichloromethane was selected as the filtrate to wash the liquefied products. The purities of the chemicals in the current study were all of analytical grade and used without further purification.
B. EXPERIMENTAL SETUP
A schematic diagram of the experimental setup used in this study is shown in Figure 1 . Liquefaction of sawdust with the plasma technology was conducted in a quartz container with a volume of 250 mL. The reaction mixture consisted of 5 g sawdust, 35 g liquefying agent in total (PEG 200 and glycerol) and 0.1-0.8 g of concentrated H 2 SO 4 . Then the mixtures were transferred into reaction vessel without any extra heating during the plasma treatment. Two tungsten rods (99% purity) with the diameter of 1.5 mm and height of 200 mm were acted as the electrodes and the distance between them was fixed at 10 mm. The overall system was directly driven by a pulsed high-voltage power supply (MAO-10, China), which can provide a peak voltage with the amplitude of 750 V, the duty cycle varied from 5% to 50% and the repetition frequency was 500 Hz. Figure 2 shows a typical square waveform of voltage and current during the liquefaction process. In addition, an infrared camera (IR, FOTRIC, 223s) with a wide detection range of 0-350 • C, was employed to evaluate the temperature of liquefied solution during the whole experiment. The applied voltage and current were measured by using a 500:1 high-voltage probe (Tektronix, P6015A) and a probe (Pearson Electronics Inc., 2877), respectively. All the measured waveforms were recorded by a four-channel digital oscilloscope (Tektronix, TDS-3054c, 500 MHz). After the reaction, the liquefied product was subjected to solidliquid separation using a vacuum filter. The filter residue was washed repeatedly with dichloromethane and filtered until the filtrate was colorless. The vacuum rotary evaporation was applied to the filtrate that washed with dichloromethane to remove the dichloromethane. The filter residue was then oven-dried at 105 • C for 12 hours, weighed, and collected, namely solid residue. The yield of solid residues is the percentage of dry weight residue of the raw materials and has commonly been used as an index of the liquefaction yield, which can be expressed by the following Equation (1):
where f is liquefaction yield, m 1 is the mass of solid residue, and m 2 is the mass of raw sawdust material used. The gaseous products were vented as their yields were negligible.
C. MATERIAL CHARACTERIZATION
The mass fractions of C, H, N, and S in the samples (sawdust and residue) were determined by an element analyzer (Vario EL Cube, Germany). Meanwhile, the content of O was evaluated according to the mass difference. FTIR spectra were obtained by using a FTIR spectrometer (IRAffinity-1, Japan) with its resolution of 0.5 cm −1 in the wave number of 400-4000 cm −1 . The thermal behavior of the raw material and solid residue were performed on a thermogravimetric analyzer (METTLER TOLEDO TGA2, USA) from room temperature to 800 • C at heating rate being 10 • C min −1 , using air as protective gas. The liquid products were qualitatively analyzed by gas chromatography-mass spectrometry (GC-MS) (Aglient 7890A-5975C, USA), using Agilent HP-5 capillary column. Helium was used as the carrier gas with the flow rate of 1.5 ml min −1 . The temperatures of the injection port, ion source and quadrupole were set at 250 • C, 230 • C and 150 • C, respectively. The temperature was programmed initially to hold a value of 50 • C for 5 min, ramp at 5 • C min −1 to 90 • C and held for 3 min, then ramp to the final temperature of 250 • C with a heating rate of 10 • C min −1 , which was held for 10 min. The split ratio was 10:1 with an injection volume of 1.0 µL. The mass spectra of the liquid products were recorded within the m/z range between 35 and 650 at a scanning rate of 1.5 scan/s. The obtained mass spectra were then compared with these from the National Institute of Standards and Technology (NIST) library to identify the chemical compounds in the liquid samples.
III. RESULTS AND DISCUSSION A. PLASMA LIQUEFACTION CHARACTERISTICS
In the PCL process, as the voltage gradually raised from 0 V to 700 V, the cylindrical reactor is firstly filled with white smoke with a slight explosion. After a while, the white smoke is dispersed and an arc is observed near the cathode, then the solution near the cathode starts to boil, leading to the formation of remarkable small bubbles. As the voltage increased, the flash becomes bigger and brighter, and the boiling is more intense. The solution continually splashes onto the walls of the container and produces a white mist. When the solution temperature increased to a certain value, the liquefaction reaction tends to be stable until the end of liquefaction.
To better understand the influence of electric field on the biomass liquefaction, the voltage and current during the PCL process are recorded simultaneously, as shown in Figure 3 . As can be seen from the figure that the current in the studied voltage range can be divided into three stages, i.e. U1-U3. In the first stage (0-200 V), the current increases linearly with the raised voltage, which almost agrees with the Ohm's law. This phenomenon suggests that the solution shows a pure resistance property in this stage. When further increasing the voltage, the reaction system shifts to the U2 phase (200-600 V). In this stage, the profile of current does not show a fixed pattern due to the non-uniform discharge in the solution, which varies around of a value of 0.2 A with the increased voltage. In the phase U3 (600-700 V), the electric field and the kinetic energy of the ions in the solution are significantly enhanced, resulting in an obvious increase in the solution temperature and the formation of an arc discharge near the cathode followed by the solution boiling. Eventually, the gaseous products are generated by the boiling surrounded the cathode, which causes the current drop sharply from 0.22 A to 0.13 A. Xi et al. also reported the dependence of the current and applied voltage [43, 44] . It showed that there were also the increasing and decreasing stage of the current on the studied voltage range but there was no constant current range. The different behavior should be related with the reactor and the content of the solution.
Furthermore, the input energy (E) and transported charge (Q) at different voltages are also calculated from the recorded voltage and current waveforms by the following Equations [45] :
where T is the period of the discharge, u(t) and i(t) are the instantaneous voltage and current. Figure 4 shows the variations of the input energy and transported charge with different voltages. It can be seen that similarly as the current, the transported charge can also be divided into three stages and follow the similar rules (increasing in the first stage (0-200 V) from 0 to 43 nC, keeping almost constant in the second stage (200-600 V) around 40 nC, and drop in the last stage (600-700 V) to about 30 nC). But the input energy increases in the first and second stages from 0 to 26.4 mJ and drops in the third stage to around 20 mJ. It means that in the first stage, the number of charge increases, which causes more particles participate the process of biomass liquefaction. In the second stage, the number of charge keeps constant, but with more energy input, it would produce more energetic species and increase the solution temperature. In the last stage, the arc still has sufficient energy, which ensures the generation of active particles and the heat of solution.
1) EFFECT OF VOLTAGE ON PCL PROCESS
From the above analysis, it is clear that the discharge characteristics, the current, transported charge, and input energy, are significantly related to the applied voltage and the PCL process should also depend on the applied voltage for the changed discharge conditions. The influences of the applied voltage on the liquefaction yield and the temperature of solution are investigated by varying the applied voltage from 300 V to 700 V at the following experimental conditions: the amount of sawdust is 5 g, the mass ratio of the solvent and sawdust is a constant of 7, the molar ratio of the PEG 200 and glycerol is 1.38, and the content of the sulfuric acid is 1.0 wt.%. The corresponding results are summarized in Figure 5 . Obviously, the liquefaction yield of sawdust is remarkably enhanced by a factor of 1.98 when the applied voltage increased from 300 V to 700 V. The temperature of solution follows the same tendency as the liquefaction yield and increased from 142 • C to 182 • C with increasing the applied voltage to 700 V. This result can be explained by the fact that the kinetic energy of the ions in the solution increases as the voltage increased and solution temperature increases correspondingly, which would favor to the decomposition of sawdust as reflected by the enhanced yield.
2) EFFECT OF DUTY CYCLE ON PCL PROCESS
Duty cycle of the power supply is another important factor, which might contribute to the performance of biomass liquefaction. Figure 6 shows the effect of the duty cycle on the liquefaction yield of sawdust and the solution temperature of the PCL process. It is clear that the lowest yield (48%) of sawdust liquefaction is achieved when the duty cycle of power supply is set to 5%. At the meantime, the corresponding temperature of solution is also kept at a low level that is around about 138 • C. Increasing the duty cycle from 5% to 50% directly increases the solution temperature by a factor of 1.2 and leads to a higher liquefaction yield of 80%. Similar results are also reported in previous studies. For instance, Zhong et al. have found the biomass conversion rate is increased with increasing the reaction temperature during the process of hydrothermal liquefaction of woody biomass [46] . Based on the experimental results, the optimal liquefaction yield could be obtained when the voltage and duty cycle of the power supply are set as 700 V and 50%, respectively. Therefore, for the following plasma liquefaction process the parameters of power supply would keep at constants (applied voltage 700 V; duty cycle: 50%).
B. OPTIMIZATION OF CATALYST AMOUNT AND REACTION TIME ON THE PCL PROCESS
The effect of the amount of catalyst sulfuric acid on the liquefaction yield of sawdust is carried out at room temperature with catalyst percentage ranging from 0 to 2.0 wt.%, as shown in Figure 7(a) . In fact, without the addition of sulfuric acid, no specific phenomenon is observed during the PCL process that including the formation of smoke, arc discharge, solution boiling and eventually leading to an extremely low liquefaction yield of sawdust. Sulfuric acid is a typical strong acid catalyst, which provides a lot of H + ions to accelerate the degradation of woody biomass. The liquefaction yield is for example increased from 0% at 0 wt.% catalyst to almost 100% at 1 wt.% catalyst with the reaction time of 6 min. However, the liquefaction yield decreases to 82.6% when further increasing the catalyst dosage to 2 wt.%, which suggests that more side reactions take place with the increased acid catalyst content, such as polymerization of the liquefied intermediates that are readily formed and followed by the generation of more solid residues [47] . Hence, the optimum amount of acid catalyst is 1 wt.% for achieving the highest liquefaction yield.
The performance of plasma catalytic liquefaction of sawdust is highly time-dependent (Figure 7(b) ). Prolonging the reaction time from 1 min to 6 min can significantly enhance the liquefaction yield by about 500% when the catalyst content is controlled at 1 wt.% during the liquefaction process. It is interested to note that the rate of sawdust liquefaction using plasma technology at the first three minutes can reach a considerably high value of 26.7% per min, while this value is dramatically decreased to 6.7% per min when the reaction time extended to the range of 3-6 min. This phenomenon reveals that the plasma discharge could quickly transfer the electric power to heat energy, which would contribute to the decomposition or degradation of macromolecular biomass and finally achieve a higher yield of sawdust liquefaction. When the process of PCL enters a stable phase, the liquefaction yield is more depend on the active species generated from the plasma discharge rather than the thermal effect, which limits the sawdust liquefaction rate. Besides, compared with the conventional thermal liquefaction processes, the utilization of plasma technology could dramatically shorten the reaction time from several hours to less than 5 min to reach the acceptable liquefaction yield (>90%). Fan et al. conducted the liquefaction of oil palm empty fruit bunch using ethylene glycol as the solvent in a 150 ml autoclave reactor at a temperature of 275 • C. They reported that 60 min was required to obtain the liquefaction yield of 94.6% [7] . Considering the aforementioned results, it is evident that the fast liquefaction of the sawdust can be effectively achieved by using the plasma technology. 
C. OPTIMIZATION OF SOLVENT RATIO ON THE PCL PROCESS
As shown in Figure 8 , when only using PEG 200 as the liquefacient, the liquefaction yield of sawdust would be unsatisfactorily at 76.6%. With the molar ration of PEG 200 and glycerin gradually increased up to 1.38, the liquefaction yield of sawdust reaches the maximum value at 99.6%. The liquefaction yield might be overestimated for the liquefaction process involved the outside air and the potential error in solid residue collection. It is believed that glycerin could reduce the surface tension of the solution, and promote the catalyst into the sawdust samples, causing a uniform distribution of the reagents within the wood and favor to increasing the liquefaction yield [48] , [49] . However, the further increase of the glycerin would slightly restrain the liquefaction yield of sawdust. When the amount of glycerin exceeded 9.17 g, the discharge pattern is changed from arc to very intense electric spark during the plasma liquefaction process, which is easy to generate char or tar, leading to the decline of the liquefaction yield. Similar conclusions are supported by Xi et.al, who performed the liquefaction of sawdust by using plasma method. They also indicated that the discharge phenomenon is much tender when using PEG 200 as the liquefacient alone compared with glycerin [44] .
D. OPTIMIZATION OF SOLVENT RATIO ON THE PCL PROCESS
In order to analyze the chemical and physical properties of sawdust, solid residue and liquid products after the liquefaction process for characterization are obtained under the optimal conditions: sawdust mass of 5 g; mass ratio PEG 200/glycerol molar ratio of 1.38; reaction time of 6 min; catalyst mass percentage of 1%. The element analysis and high heating value of the raw material and liquefied solid residue are summarized in Table 1 . The carbon and hydrogen contents of the solid residue are a little lower than that of the feed. In contrast, the oxygen content of solid residue is 51.01%, which is higher compared to 47.38% in the feedstock. The high heating value (HHV) of sawdust and solid residue were calculated according to the following Equation (4):
The sawdust has HHV of 16.16 MJ/kg in contrast to only 14.13 MJ/kg for the solid residue. In order to obtain high value product, oxygen atoms are need to detach. The results show that the oxygen contents of liquid product are reduced after reaction and the HHV of liquid product is 19.18 MJ/kg, which is higher than the sawdust.
The FTIR analysis is performed to investigate the chemical bonds and compositions of the liquefied products. Figure 9 shows the FTIR spectra of the sawdust, solid residue and liquid products. A wide absorption peak appears at 3400 cm-1. This is the main feature of all samples, implying that the sawdust and liquefied products are abundant in FIGURE 9. FTIR spectra of sawdust, liquefied products, and residue.
hydrogen groups [22] . Another strong peak at 2865 cm −1 is C-H stretching, corresponding to a methylene group and a methyl group in aliphatics and alkanes. These products should be produced during the process of liquefaction [8] . The 1742 cm-1 peak is more pronounced in the liquid product, which is assigned to the carbonyl bond mainly including aldehydes, ketones, acids, esters and other compounds [50] . At 1012 cm-1, an aromatic ring, which belongs to the benzene ring structure in the aromatic compound, appears in the curves of the residue and the raw material [51] . The reason for the decrease of carbon content and increase of oxygen in solid residual is that through liquefaction, the carbon element of biomass materials will be mostly transferred into the liquid phase. The carbon content of liquid is higher than that in the raw material and the solid residual. Meanwhile, the residual solids may include the unconverted ash in the raw material. Therefore, the carbon content of solid residue is lower than that of raw biomass. The plasma discharge provides a strong oxidation environment and brings more O into the system from the surrounding air. The introduced O element has been found to be concentrated in the residue. Similar results are also reported previously [23] , [43] . There is little N element in the raw material. But, with the liquefaction processing, the raw materials are largely degraded, resulting in the enrichment of N element in liquid product as reported in the work [52] . On the other hand, the N element might come from the surrounding air. Through the plasma discharge, the N atoms were generated and might react with other active species or the intermediates of cellulose, hemicellulose and lignin, leaded to the formation of N-containing chemicals in liquefied products.
The thermogravimetric (TG) analysis is conducted in air atmosphere to analyze the thermal properties of sawdust and its residue. Figure 10 shows that the temperature is increased from initial temperature to 150 • C. There is obvious weight loss of raw material due to the small molecular substances in the sawdust compared with the solid residue. It is widely believed that the weight loss decreases slowly in the first stage (0-150 • C) mainly because the water content of sawdust and the liquefied solid residue are lost. Obviously, most of the weight loss is observed at the temperature range of 300-510 • C regardless the feed materials. In this stage, several reactions take place, leading to the decomposition, dehydration, and condensation of cellulose, hemicellulose, and lignin in the woody biomass. Moreover, the carbon generated from lignin, and the volatile substances from cellulose and hemicellulose can be formed. When temperature reached to 510 • C, the TG curve shows a stable stage, since pyrolyzation is almost completed, and only the ash and carbon from the sawdust and the solid residue are left. When temperature increased to 800 • C, the final extents of weight are 0.40% and 0.10% for sawdust and its residue, respectively. The differential TG (DTG) curves show that all the thermal weight loss for the raw material and residue reach the peak points at the temperature of 340 • C due to the degradation of volatile and small organic molecules. The nonvolatile macromolecular substances degrade at temperature between 450 and 550 • C yet.
In this paper, for the complexity (volatile and stable parts) of the gas products, it is hard for us to use GC-FID to measure the yields of volatile products and only the GC-MS analysis is used to distinguish the compositions in the liquid product. The major chemical compositions of the liquid product are shown in Table 2 , which reveals all of the components of the liquefied product can be divided into four main categories: (1) liquefaction solvent and its derivatives, (2) acids and their esters, (3) ethers and (4) aromatic derivatives. Under the plasma field, large quantities of free electrons are generated, the collisions between free electrons and neutral particles lead to heating the solution, and the thermal effect and plasma-generated free radicals will provide enough energy for breaking the chemical bonds existing in the sawdust and its three cell wall component. Phenolic chemicals are found in bio-oil as the major compounds, which is 15.76%. It is reported that phenolic compounds are primarily derived from the degradation of lignin, which is hydrolyzed firstly and then rehydrated forming hydrolysed benzenes or alkylated benzenes [53] . Some glycerol chemical materials such as 4-Methylmannitol and 3,6,9,12-Tetraoxahexadecan-1-o1 are identified in the liquid products. It suggests that the solvent PEG 200 and glycerin are not only used as liquefacient but also participate in the derivation of some intermediate products, which contributes to the biomass liquefaction. A small amount of aldehydes is also produced during this process. This phenomenon might be attributed to the fact that cellulose liquefaction in an acid-catalyzed polyhydric alcohol solution could be analogous to hydrolysis, resulted in the formation of monosaccharides and then followed by the formation of acids and their esters. Meanwhile, hydrocarbons could be detected with the presence of a small amount of aromatics and alkenes, as a result of deoxygenation at high temperature.
In summary, the type of chemical compounds and their distributions in bio-oil are very complicated. The identification of major compounds might give some hints about the chemistry of the sawdust degradation over the whole VOLUME 8, 2020 process of liquefaction. Also, the process of deoxygenation could be further improved by selecting optimal experimental conditions.
IV. CONCLUSION
In this paper, the liquefaction performances of sawdust are studied in the mixture of PEG 200 and glycerin along with the catalyst concentrated sulfuric acid by using plasma discharge technology. The influences of the catalyst concentration, reaction time, PEG 200/glycerin molar ratio and the applied voltage and the duty cycle of power supply are investigated in terms of the liquefaction yield and solution temperature. It is found that the optimal liquefaction yield can be 99.6% with a high heating value (HHV) of 19.18 MJ/kg at the following experimental conditions: sawdust 5 g; solvent/sawdust mass ratio 7:1, PEG 200/glycerin molar ratio 1.38:1, sulfuric acid catalyst percentage of 1 wt.%, reaction time of 6 min. Based on analysis the liquefied products, it is suggested that the liquid products mainly contained aldehydes, acids, esters and other compounds after the PCL process. This study also demonstrated that using the plasma discharge technology could promote the efficiency of biomass liquefaction in terms of reaction time and liquefaction rate.
